between July 2007 and December 2010. We classified the degree of exposure to ACEi/ARB into three categories: 'none' (no exposure prior to surgery), 'held' (on chronic ACEi/ARB but held on the morning of surgery) or 'continued' (on chronic ACEi/ARB and taken the morning of surgery). The co-primary outcomes were 'functional' AKI based upon changes in pre-to postoperative serum creatinine, and 'structural AKI', based upon peak postoperative levels of four urinary biomarkers of kidney injury. Results. Across the three levels (none, held and continued) of ACEi/ARB exposure there was a graded increase in functional AKI, as defined by AKI stage 1 or worse; (31, 34 and 42%, P for trend 0.03) and by percentage change in serum creatinine from pre-to postoperative (25, 26 and 30%, P for trend 0.03). In contrast, there were no differences in structural AKI across the strata of ACEi/ARB exposure, as assessed by four structural AKI biomarkers (neutrophil gelatinase-associated lipocalin, kidney injury molecule-1, interleukin-18 or liver-fatty acid-binding protein).
Conclusions. Preoperative ACEi/ARB usage was associated with functional but not structural acute kidney injury. As AKI from ACEi/ARB in this setting is unclear, interventional studies testing different strategies of perioperative ACEi/ARB use are warranted.
I N T R O D U C T I O N
Acute kidney injury (AKI) occurs in up to 30% of patients undergoing cardiac surgery [1] . The development of AKI after cardiac surgery is associated with increased morbidity, mortality and health care costs [2] . Potential strategies for reducing perioperative AKI can include appropriate management of chronic medications that may impact renal hemodynamics in the perioperative setting. Angiotensin-converting enzyme inhibitors (ACEi) and angiotensin receptor blockers (ARB) are frequently prescribed medications in patients with cardiovascular disease. Despite their demonstrated benefits in outpatient and chronic settings, their use in the perioperative period remains controversial. Since cardiac surgery already involves many maneuvers that may lower blood pressure (e.g., manipulation of the heart, drugs which cause depression of the myocardium or vasodilation, release of inflammatory mediators), ACEi/ARB use may contribute to the development of intraoperative hypotension [3] [4] [5] [6] [7] [8] [9] through systemic effects on angiotensin II but also to subsequent AKI though systemic hypotension and angiotensin II inhibition of efferent arteriolar vasoconstriction. Studies examining ACEi/ARBs in this setting have shown disparate findings [3, [10] [11] [12] [13] [14] [15] [16] [17] [18] . Some have demonstrated an increased risk [10] [11] [12] [13] , others a decreased risk [17, 18] and others no effect [3, [14] [15] [16] on the risk for postoperative AKI. Thus, there is no consensus on whether these medications should be held prior to major surgery and practice patterns vary.
Furthermore, while AKI has been assessed clinically by changes in serum creatinine in these studies, these changes in creatinine may simply represent functional changes (i.e., prerenal) in renal function due to the systemic and intrarenal hemodynamic effects of ACEi/ARBs and is often transient. Functional AKI is likely associated with less risk of short-term [19, 20] and long-term [21, 22] consequences than with AKI associated with true tubular damage. No studies, however, have examined whether ACEi/ARB contribute to true 'structural kidney injury.' 
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P r e o p e r a t i v e A C E i s a n d A R B u s e a n d A K I Thus, we examined the association between preoperative ACEi/ARB use and both 'functional AKI' (based on changes in serum creatinine) and 'structural AKI' (based on urinary biomarkers of tubular damage). We hypothesized that ACEi/ ARB continuation on the morning of surgery, compared with noncontinuation, would be associated with more functional AKI but not more structural AKI.
M E T H O D S
Study population
As previously described, we prospectively enrolled adults undergoing cardiac surgery (coronary artery bypass grafting (CABG) or and/or valve surgery) who were at high risk for AKI, at six academic medical centers in North America between July 2007 and December 2010 [23] . The high risk for AKI was defined by the presence of one or more of the following: emergency surgery, preoperative serum creatinine >2 mg/dL (>177 µmol/L), ejection fraction <35% or grade 3 or 4 New York Heart Association (NYHA) Functional Classification, age >70 years, diabetes mellitus, concomitant CABG and valve surgery, or prior cardiac surgery. We excluded patients with evidence of AKI before surgery, prior to kidney transplantation or end-stage renal disease. The reporting of this study follows guidelines set out in the Strengthening the Reporting of Observational Studies in Epidemiology (STROBE) statement.
Sample collection
The sample collection for this cohort has been described previously. We collected urine and plasma specimens preoperatively and daily for up to 5 postoperative days. In brief, daily blood and urine samples were obtained and collection was stopped on postoperative day 3 in subjects who had not yet had an increase in serum creatinine. Urinary interleukin (IL)-18, neutrophil gelatinase-associated lipocalin (NGAL), kidney injury molecule (KIM)-1 and liver-fatty acid binding protein (L-FABP), markers of renal tubular injury, were measured as previously described [23, 24] .
Assessment of perioperative ACEi/ARB administration Information was gathered on ACEi/ARB prescription from the medical charts and pharmacy records. ACEi/ARB perioperative exposure was defined at three levels: i) no preoperative use of ACEi/ARB in 30 days prior to surgery (none); ii) on ACEi/ARB within the preceding 30 days but held on morning of surgery (held) and iii) on ACEi/ARB within preceding 30 days and administered the drug on the morning of surgery (continued).
Outcome definitions
The primary outcomes were 'functional AKI' and 'structural AKI'. Functional AKI was assessed both by a continuous measure of function ( peak change in serum creatinine from pre-to postoperative), and categorically, defined by at least a change in creatinine of 50% or 0.3 mg/dL from baseline ( preoperative) to peak level ( postoperative) [25] . Structural AKI was assessed by comparing the median values of the peak levels of four urinary biomarkers of tubular damage, NGAL, IL-18, KIM-1 and L-FABP, in the first 5 postoperative days. Categorical assessment of structural AKI was defined by biomarkers values in the upper quintile of peak concentration for each biomarker [26] . All preoperative creatinine values were measured within 2 months prior to surgery. Each patient's pre-and postoperative serum creatinine levels were analyzed at the same local laboratory. Serum creatinine values were recorded for every patient throughout the hospital stay. Additional secondary clinical outcomes were in-hospital mortality, length of in-hospital and intensive care unit stay and Perfusion time is reported for the patients who had CPB. Number (percent) unless otherwise specified. CABG, coronary artery bypass grafting; CPB, cardiopulmonary bypass; IABP, intra-aortic balloon pump; eGFR, estimated glomerular filtration rate; ARB, angiotensin receptor blockers; ACEi, angiotensin-converting enzyme inhibitor. 
Continued
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P r e o p e r a t i v e A C E i s a n d A R B u s e a n d A K I duration of mechanical ventilation. We also assessed the duration of AKI continuously (by the number of days that the serum creatinine was at least 50% or 0.3 mg/dL above the baseline level), and categorically by the duration of creatinine elevation of 1-2, 3-6 or ≥7 days.
Variable definitions
Preoperative characteristics, operative details and postoperative complications were defined according to the Society of Thoracic Surgeons (STS) database. We recorded whether the patient had received cardiac catheterization within 72 h before surgery. Additionally, we estimated preoperative glomerular filtration rate (eGFR) using the Chronic Kidney Disease Epidemiology Collaboration (CKD-EPI) equation [27] .
Statistical analysis
Baseline characteristics were compared among the three levels of ACEi/ARB exposure. Continuous variables, both exposures and outcomes, including median concentrations of peak biomarker concentrations, were compared with the Wilcoxon rank-sum test and dichotomous variables with the χ 2 test or Fisher's exact test. Using 'none' as the referent group, the adjusted relative risks for held versus referent and continued versus referent for the categorical outcomes of functional AKI and structural AKI were generated by Log-Poisson regression with robust error variance method via Proc Genmod. Adjustment variables, including patient demographics (age, gender, race), clinical risk factors (preoperative eGFR, albuminuria, hypertension, diabetes, congestive heart failure, previous CV surgery) and operative characteristics (elective or urgent procedure), type of surgery (CABG versus valve versus both, use and duration of cardiopulmonary bypass), and clinical site were included into the multivariable models. As low GFR is one of the strongest predictors of development of AKI [28] , and patients with low GFR have less ability to autoregulate in the setting of hemodynamic perturbations, prespecified subgroup analyses in patients by baseline eGFR (>60 versus <60 mL/min/ 1.73 m 2 ) were performed, with P values <0.10 considered significant. All analyses were performed in SAS version 9.2 (SAS Institute, Cary, NC).
R E S U LT S
Among the 1594 participants (Figure 1) , the exposure status to ACEi/ARB was 'none' in 577 (36.2%), 'held' in 786 (49.3%) and 'continued' in 231 (14.5%). Compared with at least one of the other two groups patients who had ACEi/ARB continued were younger, less likely to be Caucasian, more likely to have a history of heart failure and hypertension, less likely to be undergoing elective surgery, had higher preoperative serum creatinine and were likely to require an intraoperative intra-aortic balloon pump (Table 1 ). There were no differences in preoperative eGFR, or in the cardiopulmonary bypass time across ACEi/ARB exposure status. 
O R I G I N A L A R T I C L E
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P r e o p e r a t i v e A C E i s a n d A R B u s e a n d A K I Outcomes Functional AKI. Postoperatively, 543 (34.7%) patients developed functional AKI defined by 50% or 0.3 mg/dL change in serum creatinine from baseline to peak postoperative levels. The incidence of functional AKI increased in a graded manner according to the degree of ACEi/ARB exposure. It was lowest for those with no preoperative ACEi/ARB exposure (31%), was 34% in those who were had ACEi/ARB held on the day of surgery, and was highest for those who had ACEi/ARB continued (42%; P for trend 0.005) (Table 2, Figure 2A ). After adjustment for covariates that are associated with the risk for AKI, the adjusted relative risk for clinical AKI was 1.24 (95% CI 1.02-1.5) in those that had ACEi/ARB continued versus no preoperative exposure. There was a nonsignificant trend toward increased risk of AKI in chronic ACEi/ARB users that had it continued versus held (adjusted RR 1.13, 95% CI 0.95-1.36).
Similarly, as a continuous outcome, the peak, delta peak, and percentage change in serum creatinine increased in a graded fashion across those that were nonusers, those that had ACEi/ARB held, and those that had it continued ( Table 2) .
Examination of duration of AKI revealed a lack of association between the three levels of ACEi/ARB exposure and the mean number of days of functional AKI (Table 3 ). When duration of functional AKI was analyzed as an ordinal variable (1-2, 3-6, ≥7 days), there was a nonsignificant trend toward less AKI of short (1-2 days) duration but higher severity (>100% increase in serum creatinine) across the levels of ACEi/ARB exposure (from 60 to 55 to 43% for none, held, and continued, respectively; Table 3 ).
Structural AKI. The proportion of patients in the upper quintile of peak biomarker concentration for all four biomarkers of tubular damage did not differ by ACEi/ARB exposure status (Table 2, Figure 2B ). Median values of the peak biomarker concentrations in the first 5 postoperative days did not differ across the three levels of ACEi/ARB exposure for any of the four tubular damage biomarkers (Table 2, Figure 3) .
Effect modification by baseline GFR. There was effect modification by baseline GFR, such that those that had ACEi/ ARB continued versus none with GFR <60 mL/min/1.73 m 2 had a greater relative risk for development of functional AKI, than those with normal preoperative GFR (Table 4) . There was also borderline interaction toward a greater increase in delta peak serum creatinine in those that had ACEi/ARB continued versus none in those that had baseline GFR <60 mL/min/1.73 m 2 compared with those with normal preoperative GFR (Table 4) .
Preoperative GFR did not modify the relationship between ACEi/ARB exposure and the urinary biomarkers that represented tubular damage, except for urinary NGAL (Table 4 ). There was a graded increase in the incidence of urinary NGAL in the 5th quintile from ACEi/ARB none (14%), to ACEi/ARB held (20%), to ACEi/ARB continued (25%) in those with preoperative GFR < 60 mL/min/1.73 m 2 , while there was a trend toward fewer patients with urinary NGAL in the 5th quintile across degree of ACEi/ARB exposure in those with GFR > 60 mL/min/1.73 m 2 (none 23%, held 20%, continued 17%, P for interaction 0.05).
Nonrenal outcomes. The length of ICU stay, length of hospital stay and duration of mechanical ventilation were not different across the three groups of patients by ACEi/ARB exposure (data not shown).
D I S C U S S I O N
In this study, preoperative ACEi/ARB use in patients undergoing cardiac surgery was associated with an increased the risk for functional AKI based upon changes in serum creatinine. There was not, however, a commensurate increase in structural AKI, as defined by several urinary biomarkers of tubular damage, suggesting that the higher incidence of AKI in those continued on ACEi/ARB is primarily due to hemodynamic changes that lead to glomerular hypofiltration. While these results may be intuitive, it does extend our knowledge of the association of ACEi/ ARB with different phenotypes of perioperative AKI.
Previous findings from observational studies of perioperative ACEi/ARB administration in patients undergoing cardiac surgery suggested no clear association with functional AKI, as defined by changes in serum creatinine. Some studies demonstrated an increased risk of AKI [10] [11] [12] [13] , others a decreased risk [17, 18] and others could not demonstrate an association [3, [14] [15] [16] . The previous studies are variable in quality, were mostly single center, with variable definitions of AKI using only serum creatinine.
The exact estimates for the risk of AKI by both functional and structural AKI in our study may have been influenced by treatment, indication or provider bias since ACEi/ARB administration was not randomized. The key finding, however, from our study is that despite more comorbidities and more functional AKI in those that had ACEi/ARB continued on the day of surgery, there was not more evidence for structural AKI in this group, as assessed by four well-studied injury biomarkers. The lack of a greater degree biomarker elevation despite the fact that tubular injury biomarkers can also be elevated in 
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P r e o p e r a t i v e A C E i s a n d A R B u s e a n d A K I functional AKI adds more strength to these findings [29] . This agrees with our understanding of ACEi/ARBs and AKI in experimental animals. The GFR reduction associated with ACEi/ARB is generally not pathologic; in fact, it is potentially beneficial to tubular health by improving peritubular capillary perfusion via efferent arteriolar vasodilatation, reducing tubular ischemia and development of acute tubular injury/necrosis [30] [31] [32] . Additionally, the antioxidant and antiproliferative properties of these agents may reduce renal injury when exposed to various stressors [33] [34] [35] [36] . We did not have sufficient statistical power to determine if there were differences in important clinical outcomes such as dialysis or death, and there was no difference in length of stay across the ACEi/ARB strata. The findings from this study reveal the equipoise involved with perioperative ACEi/ARB administration, and call for a trial of ACEi/ARB continuation versus holding with determination of both short-term and long-term patient-oriented outcomes. There is strong reason to believe that patients with functional AKI versus structural AKI have different short-and long-term prognosis. For example patients with both elevated biomarkers and elevated creatinine have ∼3-fold higher risk for severe in-hospital outcomes compared with those with functional AKI (serum creatinine elevation without concomitant biomarker elevation) [37] . Moreover, data suggest that if AKI is induced by diuretics [38, 39] or initiation of ACEi [22] (i.e., functional AKI) in patients with cardiac disease, short-term and long-term outcomes can be superior compared with patients without changes in serum creatinine.
In contrast, transient discontinuation of ACEi/ARB may seem benign, based on the premise that intra-and postoperative hypotension risk will be lessened. Moreover, the benefits of ACEi/ARB are primarily for long-term reduction of cardiovascular events and mortality. The major problem, however, with discontinuation of ACEi/ARB for all patients undergoing surgery, or in response to AKI, is that there may be a tendency to not restart the medication after the acute illness or hospitalization [40] thus depriving patients, particularly these patients with cardiovascular disease, the opportunity to continue one of the most proven and effective therapies at cardiovascular risk reduction. To wit, a study found that five common medications were routinely discontinued during hospitalization, were often not restarted, and failure to reinitiate therapy was associated with increased adverse outcomes within 1 year of admission [40] . Specifically in regard to AKI, administrative data from the USA (Medicare-based data) suggest that up to 50% of the patients who were on ACEi/ARB prior to AKI did not have it restarted in the subsequent 12 months after the episode [41] . At the very least, studies examining the administration patterns of ACEi/ARB after AKI and the risks for various outcomes associated with continuation or discontinuation of these agents should be performed.
The limitations of this study include the fact that ACEi/ ARB administration was determined by the clinical providers and surgeons and not by randomization. Thus, there are likely measured and unmeasured confounders that resulted in indication bias. In contrast, there may have been no clinical judgment and intuition in the decision to continue or hold ACEi/ARB, and it may have been solely determined by 
the routine practice of each individual surgeon that operated on these patients. It is unclear if the effects observed were driven by the administration of the ACEi/ARB, or the concomitant holding or continuation of other meds that may have impacted upon AKI (statins, aspirin etc.). Intraoperative BP and urine output were not available for analysis. We identified patients with 'functional AKI' based upon changes in serum creatinine concentration-not urine output-the failure to include patients with AKI based on oliguria alone may have impacted the overall incidence of functional AKI. Moreover, we did not have adequate data on all participants to correct serum creatinine concentration for cumulative fluid balance. Finally, restarting of the medications postoperatively was not assessed in this cohort.
In conclusion, continued preoperative ACEi/ARB administration resulted in more functional AKI, as evidenced by greater increases in postoperative serum creatinine; however, there was no evidence that ACEi/ARB exposure on the morning of cardiac surgery resulted in more structural kidney injury, as assessed by multiple biomarkers of tubular damage over the first 5 postoperative days. Moreover, there was no impact observed on nonrenal outcomes. Thus, the clinical significance of AKI in patients on ACEi/ARBs undergoing cardiac surgery is unclear, and future studies should assess optimal strategies for administration of these medications in the perioperative setting. 
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Coca and colleagues report renal functional outcomes in patients undergoing cardiac surgery as a function of whether they are or were on ACEi/ARB or not. They noted an ascending risk of functional renal impairment in those who remain, compared to those who discontinue ACEi/ARB on the morning of surgery compared to those who were not on such medication. On the other hand, no significant changes were noted in biomarkers of AKI and tubular damage such as NGAL, KIM-1, IL-18, L-FAB.
